Kinesin motors have been studied extensively both experimentally and theoretically. However, the microscopic mechanism of the processive movement of kinesin is still an open question. In this paper, we propose a hand-over-hand model for the processivity of kinesin, which is based on chemical, mechanical, and electrical couplings. In the model the processive movement does not need to rely on the two heads' coordination in their ATP hydrolysis and mechanical cycles. Rather, the ATP hydrolyses at the two heads are independent. The much higher ATPase rate at the trailing head than the leading head makes the motor walk processively in a natural way, with one ATP 
The microscopic mechanism of the processive movement of kinesin is still not very clear. Based on experimental results, several models have been proposed. One is the thermal ratchet model in which a motor is viewed as a Brownian particle moving in two (or more) periodic but spatially asymmetric stochastically switched potentials (22) (23) (24) . Another is the "hand-over-hand" model (1, 22, (25) (26) (27) (28) (29) (30) (31) (32) . In this model, it is supposed that the motor maintains continuous attachment to the microtubule by alternately repeating single-headed and double-headed binding. Adjacent tubulin heterodimmers on the microtubule serve as the consecutive binding sites. This model requires that the two heads move in a coordinated manner and alternately move past each other. This coordination is realized by a mechanical communication between the two heads during their ATP hydrolysis cycles. The third model postulates that kinesin head movement is coordinated through an "inchworm" mechanism (22, (33) (34) (35) (36) , in which also at least one head remains bound to the microtubule during the kinesin movement but the two heads do not swap places as different from the case in the symmetric hand-over-hand model.
For quantitatively studying the motion of kinesin, multistate chemical kinetic description is often used (18, 37, 38) . In this approach, it is postulated that the motor protein molecule steps through a sequence of discrete chemical states linked by rate constants. This approach relies mainly on biochemical observations and data. It can explain well some experimental results on the mechanical behaviors of kinesin, such as velocity, mean run length, and their load dependence.
In this paper, we present a hand-over-hand model that relies on chemical, mechanical, and electrical couplings. In this model, the processive movement does not require the coordination between the two heads. The dimeric kinesin steps forward very naturally and, in general, one ATP is hydrolyzed per step (1:1 coupling). This movement of kinesin with 1:1 coupling results solely from that the ATPase rate at the trailing head is much higher than the leading head, which is caused by the different forces acting on the two heads (the trailing head being pulled forward and the leading head backward). Using the model we study the kinesin dynamics quantitatively and give good explanations to some experimental results which have not been well explained previously.
Structural Consideration
The structural study of dimeric kinesin protein, for example, the rat brain kinesin, by using X-ray crystallography reveals that one kinesin head has +8 net elementary charges (35) . By using X-ray crystallography and cryo-electron microscopy, Kikkawa et al. (39) reveal that each tubulin heterodimer of microtubules, i.e., the α-tubulin and β-tubulin monomers, has -27 net elementary charges (the α-tubulin monomer having -12 net charges and the β-tubulin monomer having -15 net charges). Thus we assume that the interaction between kinesin heads and tubulin heterodimers is electrostatic.
When a kinesin head is not very close to a tubulin heterodimer, the electrostatic force can be approximated as being produced by two ideal charged particles. When the kinesin head is close enough to the tubulin heterodimer, the electrostatic force is dependent on the charge distributions on the two surfaces (40, 41) . So that the kinesin head will bind the tubulin heterodimer in a fixed orientation (28, (42) (43) (44) .
From X-ray crystallography and cyro-EM observations, it is revealed that the two kinesin heads in rigor states bind two successive tubulin heterodimers of microtubule in equivalent orientations (28, 42, 43) , as schematically shown in Fig. 1 (a) .
The determination of the crystal structure of kinesin dimer by X-ray crystallography (35) shows that its equilibrium state (or free state) corresponds to a structure as schematically shown in Fig. 1(b) . The two heads are related by a 120º rotation about an axis close to that of the coiled-coil neck (the direction of which is 3 perpendicular to the paper surface), with an equilibrium distance (center-of-mass distance) as ~5 nm. Marx et al. (45) further reveal that the structure of kinesin dimer in solution is similar to the crystal structure, with the center-of-mass distance between the two heads being slightly greater. It is taken for granted that this equilibrium state corresponds to the state that the kinesin dimer has the minimum free energy. Thus the state shown in Fig. 1(a) corresponds to a state that the kinesin dimer has a greater free energy since it has a very large conformational change from its equilibrium state both in center-of-mass distance and relative orientation of the two heads.
Based on the principle of minimum free energy, it is anticipated that once one of the two heads or both become(s) free, the kinesin dimer structure tends to change from the state in Fig. 1(a) to that in Fig. 1(b) . This change is realized mainly via an elastic force and an elastic torque between the two heads.
Model
Basing on the above analysis we propose a physical model to describe the processive movement of two-headed kinesin motors moving unidirectionally along microtubules. We begin with the two heads of kinesin binding to two successive tubulin heterodimers (separated by 8 nm) of the microtubules by electrostatic forces between the positively-charged heads and negatively-charged tubulin heterodimers, as seen in Fig. 1(a) . In this rigor state, the structure of the kinesin dimer is highly strained. In accordance with the principle of minimum free energy, there will exist an elastic force and an elastic torque exerting on the two heads to induce the kinesin dimer to change from the state in Fig. 1(a) to that in Fig. 1(b) , besides an electrostatic force exerted by the negatively-charged tubulin heterodimer.
Activated by the microtubule, the ATPase cycles at the two heads begin. We the electrostatic force to become smaller than the elastic force. Thus the trailing head becomes "free" (free from binding to microtubule), and the kinesin dimer changes from the state in Fig. 1(a) to that in Fig. 1(b) . In the equilibrium state of Fig. 1 . After this step the ATP molecule bound to the "new" trailing head has a larger probability to hydrolyze earlier than the "new" leading head if the ATPase rates at the two heads are assumed to be the same.
For ATPase rates (including both ATP binding and turnover rates) at the two heads, we consider two cases. (i) The ATPase rates at the two heads are the same. In this case, the ATP molecules bound to the trailing and leading heads have equal probability to be hydrolyzed first at the beginning. Therefore, for making the first forward step there will be equal probabilities of hydrolyzing one ATP (1:1 coupling) and of hydrolyzing two ATP (2:1 coupling). After the first forward step is made, there will be a higher probability of hydrolyzing one ATP molecule than of hydrolyzing two ATP per step.
(ii) In the rigor state as shown in Fig. 1(a) , there exists a forward (i.e., the plus-end directed) force on the neck linker of the trailing head and a backward force on that of the leading head. As will be seen below, according to the energy-landscape model the ATPase rate at the trailing head will be enhanced whereas that at the leading head be reduced. Thus even at the beginning, the probability is high that ATP is hydrolyzed earlier at the trailing head than at the leading head. Therefore, the kinesin motor generally hydrolyzes one ATP molecule per step (1:1 coupling).
Results and Discussion
Driving Force. We give a simplest estimation of the magnitude of driving force for the forward movement of kinesin basing on this model. Before the equilibrium state as shown in Fig. 1(b) is reached, the force exerting on the trailing head is mainly the elastic force. As the equilibrium state is reached, only an electrostatic force exerts on the free head by the neighboring tubulin heterodimer (III). For simplicity, if we consider the tubulin heterodimer as a particle with 1 27 q = − charges and the kinesin head as a particle with charges, then the electrostatic force will be Leap Time. We estimate the leap time τ of the moving head which is defined as the time for the head to move from tubulin heterodimer (I) to heterodimer (III) in Fig.   1 (a). To this end, we resort to the following equation for an over-damped Brownian
where is the frictional drag coefficient,
is the moving velocity of the head along the microtubule, is the driving force on the head, and . For simplicity, we approximate the driving force as a constant at any position of the moving head between tubulin heterodimers (I) and (III) and is equal to that when the head is at the equilibrium position as in Fig. 1(b) , i.e., In fact, the second half step as mentioned above is composed of two substeps:
One is from position A to equilibrium position B, during which the head is mainly driven by a forward elastic force. The other is from B to C, during which the head is driven by a backward elastic force and a forward electrostatic force. As a result, the net forward driving force during the second substep may become smaller than the first substep. Thus the first substep is fast and the second substep is slow. The size of the first substep from A to B is ~4.7 nm, and that of the second substep is ~3.3 nm. These are qualitatively consistent with the observed substeps within the 8-nm step of single kinesin molecules (20) .
The energy required to make a forward step is .
This is consistent with the free energy released from ATP hydrolysis (~) . 
where the ATP turnover rate and ATP binding rate follow the general
.
[3]
The forces F on the neck linkers of the two heads can be written as
where 0 F is the internal elastic force, here because the motor is in its rigor state.
Since for a positive load the ATPase rate at the trailing head is much faster ( > 500 times) than that at the leading head (which will be seen below), V is essentially only dependent on the ATPase rate at the trailing head, i.e., When load F becomes negative (i.e., forward load), the ATPase rate at the leading head will increase more significantly and may become comparable to that at the trailing head. Thus we must consider the contributions of both heads to kinesin movement. First we consider that ATP binding rate at the leading head, , is not yet close to that at the trailing head, . This corresponds to the case that the load is positive or it is negative but not large enough. In this case, the probability of ATP hydrolysis at the leading head is still negligible, but that of ATP binding cannot be neglected. As the leading head will become a new trailing head in the successive mechanical cycle, the contribution of to the movement of kinesin is equivalent to increasing the ATP binding rate at the trailing head. The effective ATP binding rate at the trailing head can be written as (see Appendix A)
whereas the ATP turnover rate is still . From Eqs. Fig. 5(a) .
The shape of the load-velocity curves in Fig. 5 shows good resemblance to the experimental curves in (Fig. 5a in ref. 8) , we may deduce that the effective ATP turnover rate has a ~50% increase at high negative load over that at no load. We expect that, at low [ATP], the ATPase rate (or V) will also have the same ~50% increase due to the increase of . Therefore, due to the increases of both and the velocity V at low [ATP] is totally increased by ~3-fold at high negative load over that at no load. For a quantitative calculation of , the probability distributions of ATP binding and turnover rates instead of their mean values at the two heads are required to consider.
When the forward load is increased further, the probability becomes high that ATP hydrolysis is started and finished earlier at the leading head than at the trailing head. Thus the probability of two ATPase cycles being coupled to one forward step for kinesin becomes high, resulting in a decrease of the moving velocity. This explains qualitatively why the moving velocity starts to drop off when the forward load is further increased in the experiment (8).
Stall Force. Finally, we give an explanation of the [ATP] dependence of stall force as measured by Visscher et al. (9) . As we mentioned above, if there were no noise the stall force would be a constant value of 5.8 pN, i.e., the driving force. When the noise is present, the stall force, i.e., the minimum force to stop forward movement of the free trailing head, should be equal to the driving force plus the "diffusion force" 
has the property
Γ is the Einstein diffusion constant. From the above equation the mean first-passage time T at which the free head diffuse a distance of 2d has the form (see Appendix B)
where the mean first-passage time T should be equal to the free time of the trailing head. The free time is determined by the recovery time of the electrical property of the local environment of the solution near the tubulin heterodimer (I) in Fig. 1(a) and is assumed to be in the same order of the ATP turnover time. It is taken as free t ≈ 10 ms.
When there are multiple ATPase cycles for the trailing head, the total free time is
and thus we have
where is the time required to measure the stall force in the experiment (9) and K This research is supported by the National Natural Science Foundation of China (Grant number: 60025516).
Appendix A
We start with the moment when the trailing head just leaps forward and becomes the leading head as in Fig. 1(a) . . As the trailing head has spent time in the previous cycle and thus has a ATP binding probability , thus should satisfy
[A2]
From Eqs. A1 and A2, Eq. 5 is obtained. It should be noted that Eq. 5 is only an
approximation. The precise calculation of need to consider the probability distributions of ATP binding and turnover rates at the two heads.
From Langevin equation (6) 
